We propose a scheme to generate isolated sub-100-as pulses with 30-fs lasers. Our model is based on high-order harmonic generation from a helium atom irradiated by a two-color femtosecond laser field, in which the driving and the control fields are linearly polarized and the polarization angle between them is π/4. By mixing the polarization gating technique and optimization of two-color lasers, we destroy the symmetry of the driving field from two directions and realize quantum path control with multicycle lasers.
I. INTRODUCTION
For the purpose of detecting and controlling the electronic dynamics at the subfemtosecond time scale inside atoms [1] , single isolated attosecond pulses are desirable tools. Up to now, high-order harmonic generation (HHG) in gas has been proved to be an effective process for generating both isolated attosecond pulses and a train of attosecond pulses [2] [3] [4] . Compared to attosecond pulses trains, the generation of isolated attosecond pulses is technically difficult because of the stringent requirements on the driving laser, and so far all experiments using such pulses have been performed in only a few laboratories [5] . The two main techniques for creating single isolated attosecond pulses are the polarization gating technique [6] and amplitude gating by a few-cycle driving pulse [7] . For the first approach, the general bandwidth of the supercontinuum is about 20 eV [8] . Sansone et al. have obtained a single 250-as pulse using phase-stabilized 5-fs driving pulses with a modulated polarization state [9] . For the second approach, Cavalieri et al. have successfully generated a sub-4-fs pulse containing only a 1.5-optical-cycle pulse and the bandwidth of the supercontinuum was broadened to 40 eV, which supports a single sub-100-as pulse [10] . However, the typical duration of standard laser system is longer than 25 fs, so the generation of isolated attosecond pulses from multicycle lasers has recently attracted much more attention. Isolated few-hundred-attosecond pulses have been produced with 25-fs pulses by using the polarization gating technique combined with the ionization dynamics and the spatial filtering provided by the three-dimensional field propagation [11] or by the generalized double optical gating method [5] . The main idea of obtaining isolated attosecond pulses with multicycle lasers is to select one HHG emission within half a cycle of the laser field while restraining other emissions by modulating the polarization of the driving field. Furthermore, obtaining isolated sub-100-as pulses requires quantum path selecting between the short and the long electron trajectories characterized by the traveling times of the electrons in the continuum [12, 13] . By enlarging the difference between the square of the amplitude of the strongest and the secondstrongest cycles with a control field parallel to the driving field, the long electron trajectory is selected and an isolated sub-100-as pulse is obtained by mixing an 11-fs, 800-nm * xfchen@sjtu.edu.cn pulse with a 64-fs, 1840-nm pulse [14] . However, this scheme loses its effect quickly when the duration of the driving field exceeds 11 fs. In a word, it is a challenge to generate isolated sub-100-as pulses with driving fields longer than 25 fs. In this article, we try to combine the polarization gating technique and optimization of two-color lasers: modulating the driving field from two directions by one control field which has an angle of π/4 from the driving field. With proper parameters, with a 30-fs driving field, one HHG emission and its short electron trajectory are chosen corresponding to a clean 60-as pulse.
II. THEORETICAL DETAILS
The atom we used is helium. In order to demonstrate our scheme, we first investigate the HHG process in terms of the semiclassical three-step model [15] , which presents a clear physical picture. In our simulation, a 30-fs-800-nm field serves as the driving field. The polarization angle between the driving and the control field is set as π/4. The synthesized two-color field can be expressed as
where E 1 and E 2 are the amplitudes of the electric fields of the driving and the control field; ω 1 and ω 2 are the frequencies of the driving and the control field; τ 1 and τ 2 are the pulse durations [full width at half maximum (FWHM)] of the driving and the control field, respectively; φ is the carrier to envelope phase (CEP) of the driving field; and t 0 defines the time delay between the driving and the control field. I 1 and I 2 are the intensities of the driving and the control field, respectively. Here we set τ 1 = 30 fs, τ 2 = 64 fs, I 1 = 5 × 10 14 W cm 2 , and I 2 = 1 × 10 14 W cm 2 and φ = 0, ω 2 , and t 0 are adjusted to approach a supercontinuum.
In HHG, only those electrons born at time t b and returning to their parent ions at time t in the same position will emit XUV radiation. Each pair of t b and t defines a quantum path and they must satisfy the following two equations synchronously:
In our scheme, because the control field modulates the driving field from both x and y directions, quantum paths could be selected or destroyed by changing the parameters of the control field.
On the other hand, to obtain an intuitive picture about the locations of the selected quantum paths, we calculate the ellipticity of the synthesized field as
As we know, the HHG process happens every half cycle of the driving field and is only effective in the nearly linearly polarized portion because Eqs. (2) and (3) are easily satisfied.
We define a threshold of ellipticity as ξ th and call a portion of the synthesized field whose ellipticity is below ξ th a polarization gate; its width is the interval where ξ (t) < ξ th . For convenience, we set a new function G P (t):
The value of ξ th affects the widths of the polarization gates but does not affect their locations and shapes. We set ξ th = 0.2 in the following.
As a simple example, we choose ω 2 = 9ω 1 /4 (λ 2 = 1800 nm), t 0 = 0 fs; the result is shown in Fig. 1 (black line for the electric field of the synthesized field in the x direction, blue dash line for the electric field in the y direction, and green line for the ellipticity).
For the synthesized field in the x direction, the more significantly the electric field amplitude varies from one half optical cycle to the next, the higher is the corresponding kinetic energy of an electron returning to its parent ion compared with that of other half optical cycles [16] , the maximum kinetic energy added to the ionization potential of the atom comes to the cutoff photon energy. The difference between the highest and the second-highest cutoff photon energy (cutoff region) of different half optical cycles is proportional to the bandwidth of the XUV supercontinuum [17] , which supports an isolated attosecond pulse.
In our scheme, we optimize the parameters of the control field to select one HHG emission while enlarging its cutoff region. We try to produce an isolated clean attosecond pulse with the shortest duration. (2) and (3); otherwise, E kin x(t) = 0] and G P (t), as shown in Figs. 2(a) and 2(b) , respectively. In Fig. 2(a) , the red portions are the peaks of E kin x(t) and each peak represents one selected quantum path (the left part represents the short electron trajectory and the right part represents the long electron trajectory). Quantum paths in the blue portions are destroyed because Eq. (2) or Eq. (3) is not satisfied. In most portions except the blue portions, quantum paths are destroyed to some extent and the intensity of the corresponding HHG emission will be weakened. However, in some special locations, where the synthesized field is zero in both the x and the y directions, for example, t = (2n − 1)C 1 /4 and t 0 = (2n − 1)(C 2 − C 1 )/4 (n is an integer; C 1 and C 2 are the cycles of the driving and the control fields, respectively), the short electron trajectories of some selected quantum paths are wholly retained, which means that some intense ultrashort HHG emission could be selected. In Fig. 2(b) , the blue portions represent the polarization gates. Comparing Figs. 2(a) and 2(b) , we find that the locations of the selected quantum paths and those of the polarization gates are almost the same. The intense ultrashort HHG emissions appear in some wide polarization gates which are almost two times wider than others; we call them "effective gates" in the following. Weak HHG emissions appear in other narrow ploarization gates; we call them "general gates" in the following. For clarity, we discuss G P instead of the selected quantum paths in the following. To retain the HHG emission with the highest kinetic energy [in the range of (0−0.5)C 1 ], we fix t 0 = (C 2 − C 1 )/4. Second, to watch how G P changes with the frequency of the control field ω 2 , we fix t 0 = 0.5π/ω 1 − 0.5π/ω 2 and change ω 2 from 3ω 1 /2 (λ 2 = 1200 nm) to 3ω 1 (λ 2 = 2400 nm), which can be generated by optical parametric processes from the driving 800-nm field. The result is shown in Fig. 3 . Besides the middle "effective gate," other "effective gates" appear in two sides, for example, t = −1.75 cycle 1 and t = 2.25 cycle 1 for λ 2 = 1600 nm. They permit other intense HHG emissions and their interference with the middle HHG emission will shorten the supercontinuum and give out an irregular spectrum.
III. RESULTS AND DISCUSSION
Third, we calculate the kinetic energy in the x direction inside polarization gates as
as shown in Fig. 4 . Because the peaks of the kinetic energy appear when the electric field of the synthesized field in the x direction equals zero just like effective gates, any effective gate contains one peak of the kinetic energy, as Fig. 4 has shown. The most important parameter that determines the bandwidth of the supercontinuum and the duration of the ultrashort HHG emission is the difference between the highest and the second-highest kinetic energy. Thus, the optimized E kin x(P ) should have a strong main peak and some weak satellite peaks. As shown in Fig. 4 , when the wavelength of the control field is below 1900 nm, the middle main peak of E kin x(P ) is not strong enough; when it exceeds 2100 nm, the satellite peaks become as strong as the middle main peak. So we study the HHG for λ 2 = 1900, 2000, and 2100 nm in the next part.
We produce time-frequency diagrams of HHG in the x direction for E 2 = 0 (with the driving field alone) and The CEP of the driving field will affect the locations of the polarization gates because it affects the zero points of the synthesized field. We change the CEP from −π to π and retain the other parameters and calculate G P as shown in Fig. 7 .
The temporal profiles of the attosecond pulses supported by the XUV supercontinuum in the range of 180-230 orders for for CEP 0.25π , dotted gray line for CEP 0.5π , dashed dotted blue line for CEP 0.75π ). We find that Fig. 8 matches Fig. 7 well. For CEP 0 and CEP 0.5π , effective gates appear at 667 as (0.25 cycle of the driving field) and 4000 as (1.5 cycle of the driving field) (Fig. 7) , each of them corresponding to a main intense 60-as pulse (which comes from the short electron trajectory) and a satellite weak pulse (which comes from the long electron trajectory); the intensity ratio between them is about 1:0.5 (Fig. 8) . For CEP 0.25π and CEP 0.75π , "general gates" appear at the same time (Fig. 7) , each of them corresponding to two weak pulses (Fig. 8) .
IV. CONCLUSION
In conclusion, we propose a scheme for generating ultrashort XUV emission with multicycle laser fields. Our scheme contains a main 30-fs, 5 × 10 14 W cm 2 , 800-nm field and a 64-fs, 1 × 10 14 W cm 2 control field whose polarization angle is set as π/4. We optimize the time delay and the wavelength of the control field to produce isolated ultrashort attosecond pulses. The optimizing range of the wavelength of the control field is 1200−2400 nm, which can be generated by optical parametric processes from the driving field. With a 2000-nm, 1-fs delayed control field, we successfully select one HHG emission and its short electron trajectory corresponding to a clean 60-as pulse. Our scheme is readily available in most laboratories and we believe our experimental scheme could be applied in practice for detecting and controlling ultrafast processes.
